In the Southern Hemisphere (SH) polar region, satellite observations reveal a significant uppermesosphere cooling and a lower-thermosphere warming during warm ENSO events in December. An opposite pattern is observed in the tropical mesopause region. The observed upper-mesosphere cooling agrees with a climate model simulation. Analysis of the simulation suggests that enhanced planetary wave (PW) dissipation in the Northern Hemisphere (NH) high-latitude stratosphere during El Niño strengthens the Brewer-Dobson circulation and cools the equatorial stratosphere. This increases the magnitude of the SH stratosphere meridional temperature gradient and thus causes the anomalous stratospheric easterly zonal wind and early breakdown of the SH stratospheric polar vortex. The resulting perturbation to gravity wave (GW) filtering causes anomalous SH mesospheric eastward GW forcing and polar upwelling and cooling. In addition, constructive inference of ENSO and quasibiennial oscillation (QBO) could lead to stronger stratospheric easterly zonal wind anomalies at the SH high latitudes in November and December and early breakdown of the SH stratospheric polar vortex during warm ENSO events in the easterly QBO phase (defined by the equatorial zonal wind at ;25 hPa). This would in turn cause much more SH mesospheric eastward GW forcing and much colder polar temperatures, and hence it would induce an early onset time of SH summer polar mesospheric clouds (PMCs). The opposite mechanism occurs during cold ENSO events in the westerly QBO phase. This implies that ENSO together with QBO could significantly modulate the breakdown time of SH stratospheric polar vortex and the onset time of SH PMC.
Introduction
As a result of sea surface temperature variation in the tropical east-central Pacific Ocean, El Niño-Southern Oscillation (ENSO) strongly impacts interannual variability not only in the tropical troposphere (Yulaeva and Wallace 1994) but also in the global middle atmosphere (e.g., the stratosphere and mesosphere; Randel et al. 2009; Calvo et al. 2010; Li et al. 2008 Li et al. , 2013 Pedatella and Liu 2013) . Previous observations and model simulations have suggested i The National Center for Atmospheric Research is sponsored by the National Science Foundation. significant middle atmosphere temperature anomalies during El Niño, with an equatorial stratosphere cooling and a Northern Hemisphere (NH) high-latitude warming (Garcia-Herrera et al. 2006) . This is induced by the anomalously increased planetary wave (PW) propagation (from the troposphere) and PW dissipation in the stratosphere of NH high latitudes, leading to anomalous wave dissipation, decelerated stratospheric westerly zonal wind, and an enhanced Brewer-Dobson circulation (Sassi et al. 2004; Manzini et al. 2006; Hardiman et al. 2007; Calvo et al. 2010) .
By analyzing temperature profiles observed by the Sounding of the Atmosphere Using Broadband Emission Radiometry (SABER) instrument, Li et al. (2013) found a tropical warming and NH high-latitude cooling in the mesosphere, opposite to its stratospheric pattern, during warm ENSO events in NH winter. However, the anomalous temperature induced by ENSO in the summer polar mesopause of the Southern Hemisphere (SH) has not yet been investigated in the observations, and the details of the coupling mechanism have not yet been explored with an advanced climate model. The summer polar mesopause temperature anomalies can influence the variability of polar mesospheric clouds (PMCs), usually located at ;80-85-km height. Recent satellite observations already found dramatic interannual variability of the PMC onset time ) and occurrence frequency (Gumbel and Karlsson 2011) .
In this paper, we target these key unknowns using observations by SABER, onboard the ThermosphereIonosphere-Mesosphere Energetics and Dynamics (TIMED) satellite, and by the Microwave Limb Sounder (MLS), onboard the Aura satellite, together with the Whole Atmosphere Community Climate Model (WACCM) simulations and the European Centre for Medium-Range Weather Forecasts (ECMWF) interim reanalysis dataset. Our goal is to show monthly mean temperature response to ENSO in the SH summer mesopause region and the possible influence of ENSO on the onset time of SH PMCs. For the latter, we use PMC measurements made by the solar backscatter ultraviolet (SBUV) instruments in Benze et al. (2012) . Both Karlsson et al. (2011) and Benze et al. (2012) found that the PMC onset time is well correlated with the timing of breakdown of SH stratospheric polar vortex. This SH stratospheric polar vortex influences the propagation of gravity waves (GWs) into the mesopause region and thus the mesopause temperature. As such, the stratospheric control to mesopause temperature mainly induces the variation of PMC onset . Hervig et al. (2009) also concluded that the PMC seasonal dependence is generally controlled by temperature. Rong et al. (2014) found that during the summer season start and end, the temperature plays a dominant role in influencing the PMC variability.
Therefore, we focused our study here only on the impact of the polar mesopause temperature on the PMC onset time. First, we describe the datasets and analysis method in section 2 and then present the observational and model results of summer polar mesopause temperature and ozone response to ENSO in section 3. In section 4, we examine the SH stratosphere anomalies during the ENSO events and propose a coupling mechanism to explain the observed anomalies. In section 5, we discuss how ENSO together with the quasi-biennial oscillation (QBO) could impact the onset time of SH summer polar PMCs. A summary is then presented in section 6.
Datasets and analysis
The TIMED/SABER observations and WACCM model have been discussed in detail by Li et al. (2013) . In short, SABER temperature profiles are retrieved from CO 2 atmospheric limb emission profiles in the 15-mm band (Russell et al. 1999) . We use the version 2.0 SABER data, which are available between January 2002 and February 2016 (available at http://saber.gats-inc.com/). First, we calculate the daily mean temperatures separately for ascending and descending phases in 58 latitude bins, respectively, at 808S, 758S, . . . , up to 508N. At every latitude, the daily mean profiles are then averaged within a ;60-day window centered in April, August, and December between 808 and 558S (only these periods include data at high SH latitudes) and centered at every month between 508S and 508N (available for all months). Since it takes ;60 days for SABER to complete a nearly 24-h local time sampling, we use the SABER data centered in December, covering data from the middle of November to the middle of January, to reduce tidal aliasing.
The Aura MLS has been retrieving middle atmosphere temperature profiles from limb emission measurements in the microwave since August 2004. Temperature profiles between 261 and 0.001 hPa (;92 km) are retrieved from 118-and 240-GHz radiances of O 2 spectra (Schwartz et al. 2008) . The Aura satellite is in a near-polar (828S-828N) sunsynchronous orbit with ascending footprints crossing the equator at ;1400 LT and descending at ;0200 LT. Here we use MLS, version 4.2, temperature profiles from August 2004 to February 2016 (available at http://disc. sci.gsfc.nasa.gov/Aura/data-holdings/MLS/index. shtml). Similar to SABER, we calculate the daily zonal mean temperatures separately for ascending and descending phases within 58 latitude bins centered at 808S, 758S, . . . , up to 808N, and then at each latitude we form monthly mean profiles by averaging all daily mean profiles in each month.
We use a four-member ensemble of WACCM version 3.5 simulations between 1953 and 2005 (Calvo et al. 2010) , with a 1.98 3 2.58 (latitude 3 longitude) horizontal resolution to compare with satellite observations. These model runs use prescribed sea surface temperature based on observations; therefore, the date of the ENSO events and their magnitude in SST anomalies in the model is based on observations. The QBO was not self-generated in the WACCM but imposed by nudging to the observed equatorial zonal wind in the lower stratosphere. Therefore, we also use the ECMWF interim reanalysis dataset (Dee et al. 2011 ) between 1979 and 2014 (available at http://apps.ecmwf.int/datasets/data/interim-full-moda/) to reveal the QBO effects in the stratosphere.
We then apply a multivariate linear regression analysis to the deseasonalized monthly (WACCM, ECMWF, and MLS) or bimonthly (SABER) mean profiles. The detailed analysis method can be found in Li et al. (2013) . The regression analysis fits the linear trend, the 11-yr solar cycle, quasi-biennial oscillation (QBO), and the stratospheric volcanic aerosols. The residuals then include any ENSO signal. The ENSO events are determined to occur when the monthly mean Niño-3.4 index (N3.4) is greater than 1 (;1.2 standard deviation) between 1953 and 2014. The N3.4 index is the observed sea surface temperature anomaly averaged over 1208-1708W and 58S-58N (available at http://www.cpc.ncep.noaa.gov/data/indices/ersst4. nino.mth.81-10.ascii). Table 1 lists the dates of warm and cold ENSO events since 1953 with all events maximized in the late fall and winter. Composite differences in December during ENSO events are calculated by subtracting the residual during cold ENSO events from that during warm events (warm minus cold events). The 95% significance regions are estimated with a Monte Carlo method, similar to that used by Calvo et al. (2010) . For easy comparison between the WACCM model and the satellite observations, the composite anomaly is then formed by directly dividing the composite difference of the residual by the composite difference of the N3.4 index. The N3.4 composite difference between warm and cold ENSO events in December is ;3.2 for the 1953-2005 period (WACCM) and the 1979-2015 period (ECMWF) and ;2.8 for the 2002-15 period (satellites). To extract the anomaly only related to the QBO from the ECMWF dataset, we fit the deseasonalized time series with a linear trend, solar cycle, ENSO, and volcanic aerosol and leave out QBO oscillation in the residuals. The composite difference due to the QBO (easterly minus westerly phase) is then formed.
Results
The climatological zonal mean temperature in December is characterized by a cold SH summer mesopause (,150 K) and a warm NH winter mesopause (.200 K) due to a summer pole to winter pole circulation driven by the eastward GW drag in SH summer mesopause and westward GW drag in NH winter mesopause. We show in Fig. 1 the composite anomalies of zonal mean temperature observed by SABER (left) and MLS (center) and simulated by WACCM (right) in the mesosphere and lower-thermosphere region in December. It is evident that these three datasets reveal similar latitude-altitude patterns in temperature anomalies. In the SH polar region, the satellite observations reveal a significant cooling of 2.5-3.5 K (N3.4) 21 in the upper mesosphere (70-95 km) and a significant warming of ;8 K (N3.4) 21 in the lower thermosphere during warm ENSO events. A midmesosphere warming and a mesopause cooling are also observed in the equatorial region. The morphology of the observations is consistent with the simulations, but the observed magnitude of the changes is ;3-5 times stronger than simulations. Li et al. (2013) focused on the ENSO midmesospheric temperature anomalies in the tropics and NH, which are due to the anomalous residual meridional circulation driven by the anomalous GW wave forcing. The present analysis extends to the lower thermosphere (up to 110 km) and focuses on the Southern Hemisphere polar region, beyond the range investigated by Li et al. (2013) . We show in Fig. 2 the composite anomalies of GW forcing (left) and residual meridional circulation (right) in the MLT region derived from WACCM3.5. The simulations show a strong upper mesosphere eastward GW forcing anomaly at the SH high latitudes, with a maximum of ;3 m s 21 day 21 (N3.4) 21 during warm ENSO events.
This eastward GW forcing anomaly corresponds to a strong anomalous upwelling residual circulation and cooling ( Fig. 1 ) in the upper mesosphere of the SH polar region. We note here that anomalous GW forcing is the primary contributor to the anomalous total wave forcing in the mesosphere. In the lower thermosphere of SH anomalous downwelling in the NH polar lower thermosphere is stronger than that in the SH, the magnitude of the simulated anomalous warming in the NH pole is weaker than that in the SH (Fig. 1c) . This is possibly due to more solar absorption by tracer gases during SH polar day than during the NH polar night and/or to differences in the eddy diffusion caused by GWs. We also note that the residual meridional circulation anomaly in the lower thermosphere region is clearly opposite to the mesosphere anomaly, consistent with the temperature anomalies shown in Fig. 1 .
Coupling mechanism
Since the anomalous eastward GW forcing in the upper mesosphere of the SH high latitudes is likely induced by the anomalous zonal wind filtering below the mesosphere, we show in Fig. 3 the WACCM composite anomalies of stratospheric temperature (left), zonal wind (center), and Eliassen-Palm (EP) flux divergence (right). The equatorial stratospheric cooling (whole stratosphere range) and NH high-latitude warming during warm ENSO events (Fig. 3, left) , indicated by SABER observations (Li et al. 2013) , are induced by the enhanced Brewer-Dobson circulation as a result of enhanced PW propagation and dissipation (Fig. 3, right) at the NH high latitudes (Sassi et al. 2004 ). The anomalous easterly zonal wind in the SH high-latitude stratosphere (Fig. 3, center) suggests the modulation of ENSO on the SH stratosphere polar vortex. The SH polar stratospheric warming below 10 hPa (;30 km) is likely a sign of early SH polar vortex breakdown during warm ENSO events. It is also clear that the anomalous stratospheric easterly zonal wind at the NH high latitudes, driven by the anomalous westward EP flux divergence during the warm ENSO events (Fig. 3,  right) , is much stronger than that in the SH. However, there is no clear anomalous EP flux divergence in the SH stratosphere, suggesting that the anomalous SH stratospheric easterly zonal wind is most likely a manifestation of anomalous easterly zonal wind shear induced by the anomalous meridional temperature gradient between the SH polar region and the equator. The anomalous meridional temperature gradient in the SH lower stratosphere is roughly ;0.015 K (degree latitude)
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(with ;0.8 K at the SH pole and ;20.6 K at the equator, shown in the left panel of Fig. 3 ), and the estimated anomalous meridional wind difference between 20 and 100 hPa at 608S is ;20.5 m s 21 according to the thermal wind equation. This is consistent with the results shown in the center panel of Fig. 3 . The climatological zonal mean zonal wind at the SH high latitudes in December is characterized by a weak westerly in the lower stratosphere and an increased easterly with altitude in the upper stratosphere and lower mesosphere. During warm ENSO events in December, less eastwardand upward-propagating GWs are filtered by the weakened lower-stratosphere westerly (eastward) zonal wind at the SH high latitudes, while more westward-propagating GWs are filtered by the strengthened upper-stratosphere easterly (westward) zonal wind. The net effect is that the eastward GW forcing in the SH mesosphere is thus enhanced (anomalous eastward forcing shown in the left panel of Fig. 2 ), strengthening the SH mesospheric residual meridional circulation with an anomalous SH polar mesosphere upwelling (Fig. 2, right) . This part of the mechanism is similar to that proposed by Karlsson et al. (2011) , who suggested that the SH polar mesopause temperature is impacted by the breakdown time of SH stratospheric polar vortex. The anomalous mesospheric westerly (eastward) zonal wind further induces the anomalous westward GW filtering in the lower thermosphere of SH high latitudes, leading to opposite residual meridional circulation to its mesospheric counterpart and downwelling in the polar region. The schematic diagram for the coupling mechanism is shown in Fig. 4 .
During winters with strong PW activity in the NH stratosphere such as during El Niño, the NH polar stratosphere warms and the equatorial stratosphere cools; the opposite pattern is seen in the NH mesosphere. This pattern has been well established in observations and GCMs. The proposed interhemispheric coupling (IHC) mechanism that links the summer mesopause variability with that in the winter stratosphere (in January) is discussed by Becker et al. (2004) , Karlsson et al. (2009) , Körnich and Becker (2010) , Siskind et al. (2011) , Espy et al. (2011) , and Murphy et al. (2012) . According to this mechanism, warming and decreased westerly zonal wind in the NH high-latitude stratosphere caused by enhanced PW dissipation lead to weaker net westward GW forcing in the NH mesosphere. This then weakens the NH mesosphere residual meridional circulation and thus cools the NH polar mesosphere and warms the tropics. The tropical mesospheric warming increases the SH summer mesosphere meridional temperature gradient and therefore accelerates the SH easterly mesospheric zonal wind. FIG. 4. The schematic diagram of the coupling mechanism during the warm ENSO events in December. Red represents warming and blue represents cooling. The green arrows represent the anomalous residual meridional circulation. The circled numbers represent the sequence of the coupling mechanism. The T, U, and u represent temperature, zonal wind, and latitude, respectively. The GWD, EPD, TP, SP, and MP represent GW drag, EP flux divergence, tropopause, stratopause, and mesopause, respectively. As such, the breaking level for the eastward-propagating GWs is shifted downward and causes the anomalous westward GW forcing in the SH mesopause region. This further drives an anomalous residual circulation with downwelling at the SH high latitudes and induces anomalous warming in that region, as demonstrated by model simulations (Körnich and Becker 2010) .
Our results derived from both WACCM simulation and satellite observations clearly show an upper-mesosphere cooling and a lower-thermosphere warming in the SH early summer polar region (Fig. 1) during warm ENSO events. In December, the summer stratosphere easterly zonal wind at the SH mid-and high latitudes is weak or recently reversed from winter westerly; stratospheric zonal wind anomalies during December ENSO events can significantly impact the stratospheric GW filtering and thus the GW forcing in the summer mesosphere. Later, in January, the stratosphere summer easterly jet is usually well established in the SH midlatitudes. With the strong midsummer jet in the SH, stratospheric zonal wind anomalies in the NH (e.g., during SSW events) will not impact the SH winds sufficiently to change the GW filtering and thus will not have much impact on GW forcing in the summer mesosphere. We also plot the WACCM and MLS temperature composite anomalies (warm minus cold events) during the ENSO events in January (not shown). The summer mesosphere cooling is not significant in WACCM but is clear in MLS. The difference in the period during the final warming and end of winter (December; examined here) and the period with a fully established summer circulation (most Januaries; examined in several previous studies) accounts for the difference in the role of the SH stratosphere in controlling the GW interannual variability. Our proposed coupling mechanism, in which the SH stratosphere is a necessary link, is valid in December (SH early summer), while the IHC proposed by Karlsson et al. (2009) , in which the coupling occurs predominantly from the NH to SH mesosphere, is valid in January during an SSW event or strong PW activity. Karlsson et al. (2011) suggest that the onset time of SH summer PMCs is mainly controlled by the breakdown time of the SH stratospheric polar vortex. Using nearly 30 years of the solar backscatter ultraviolet (SBUV) satellite observations and ECMWF Re-Analysis dataset, Benze et al. (2012) found that the 11-yr solar cycle could influence the SH PMC onset time. Our study further suggests that the temperature anomalies associated with ENSO in the SH early summer polar upper-mesosphere region may impact the SH PMC formation. As shown in Fig. 1 , the significant cooling [;22 K (N3.4) 
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] near 80-90 km during warm ENSO events could lead to earlier onset and larger PMC occurrence frequency in the SH summer mesopause region than those during cold ENSO events. On the other hand, the equatorial QBO could also modulate the SH stratosphere polar vortex with a maximum effect occurring in November (Baldwin and Dunkerton 1999) and thus could also affect the GW filtering and the consequent SH polar upper-mesosphere temperature. Water vapor is another important factor for the PMC formation. However, using Aeronomy of Ice in the Mesosphere (AIM) and Aura/MLS satellite data between 2007 and 2011, Rong et al. (2014) found that the correlation of albedo and H 2 O (without time lag) is poor throughout the season in the NH, while temperature and albedo are clearly anticorrelated during the season start and end. Therefore, we will only study the correlation between temperature and PMCs during the PMC startup season in this paper. Garfinkel and Hartmann (2008) and Calvo et al. (2009) suggest that the combination of QBO and ENSO could significantly influence the polar stratospheric temperature. The SABER and MLS data records are too short to stratify by both QBO and ENSO. However, we can investigate the stratospheric response using ECMWF reanalysis, although there are only a few observations in the SH lower stratosphere available to be implemented into the reanalysis. Figure 5 shows the composite difference of the ECMWF stratospheric zonal mean zonal wind between warm and cold ENSO (top) and between QBO easterly and westerly phase (bottom) in November (left) and December (right). The stratosphere zonal wind anomalies at the SH high latitudes are maximized when the QBO phase is defined with the equatorial zonal wind near ;25 hPa (Baldwin and Dunkerton 1999) . The equatorial zonal winds at ;25 hPa are reconstructed from the two leading orthogonal principal components, which are derived with the radiosonde observed equatorial stratospheric zonal wind at seven pressure levels (Wallace et al. 1993) . We note here that the composite difference of ECMWF stratosphere zonal wind at the SH high latitudes associated with ENSO in December (;6 m s
) is clearly ;3 times stronger than that derived from WACCM shown in Fig. 4 (;2 m s 21 with N3.4 index of ;3.2),
suggesting that the WACCM simulation likely underestimates the ENSO effect in the middle atmosphere. It is also illustrated in Fig. 1 , where the satellite observations of temperature anomalies in the mesosphere are ;3-5 times stronger than the WACCM simulation. We also note the difference between ECMWF and WACCM at the NH high latitudes, with significant easterly anomaly in WACCM while none appears in ECMWF. The difference in the zonal wind anomalies leads to a difference temperature anomaly pattern, which has been reported previously by Garcia-Herrera et al. (2006) .
In Fig. 5 , we clearly see the anomalous stratospheric easterly zonal wind at the SH high latitudes during the QBO easterly phase in November, consistent with the pattern shown in Fig. 4 of Baldwin and Dunkerton (1999) . However, the magnitude of composite difference shown in Fig. 5 is weaker than that found by Baldwin and Dunkerton (1999) . In our results, the QBO zonal wind anomaly at the SH high latitudes is ;1-2 times weaker than that associated with ENSO in both November and December. Nevertheless, this suggests that both QBO and ENSO could modulate the SH stratospheric polar vortex and its breakdown time. The WACCM simulation also suggests that the SH polar upper-mesosphere temperature anomalies during ENSO events are stronger in November (not shown) than those in December, consistent with an anomalous SH high-latitude stratospheric zonal wind. Therefore, the constructive interference of ENSO and QBO in the SH high-latitude stratosphere could lead to even stronger anomalous easterly zonal wind and early breakdown of SH stratospheric polar vortex during warm ENSO in the easterly QBO phase and thus more eastward GW forcing in the SH upper mesosphere and colder temperature in the SH polar upper mesosphere than climatology. The simultaneous occurrence of a cold ENSO and westerly QBO would have the opposite effect-that is, late breakdown of SH stratospheric polar vortex and warmer temperature in the SH polar upper mesosphere. This further indicates that the PMC onset time could be much earlier during warm ENSO events in the easterly QBO phase than during cold ENSO events in the westerly QBO phase. The destructive interference of ENSO and QBO, however, could cancel their effects on the SH polar upper-mesosphere temperature and thus the PMC onset time. Table 2 lists the ENSO year with corresponding N3.4 index, QBO phase defined with the equatorial zonal wind at ;25 hPa, SH polar upper-mesosphere T anomaly possibly associated with both ENSO and QBO, the PMC onset in terms of days from solstice (DFS) observed by the SBUV, and the breakdown time of SH stratospheric polar vortex between 1982 and 2012 as adapted and estimated from Fig. 2 in Benze et al. (2012) . The PMC onset times (with the breakdown time of SH stratospheric polar vortex) all occur in late November with an average of ;227 DFS (;224 DFS) during warm ENSO events in the easterly QBO phase (total of four cases), corresponding to SH polar upper-mesosphere cooling. Although there are only two cases (1998/99 and 2010/11 ) that occurred during a cold ENSO event in the westerly QBO phase, the PMC onset times are at or after solstice with an average of ;3 DFS with the breakdown of SH stratospheric polar vortex at around solstice, corresponding to a SH polar 
Summary
Using satellite observed temperature profiles, we reveal significant temperature anomalies in the SH summer polar mesopause region during ENSO events in December. The observed temperature anomalies agree with those simulated by the WACCM, although the observed magnitude is ;3-5 times stronger than that simulated. The WACCM simulations show an equatorial stratospheric cooling during warm ENSO events in December that is consistent with enhanced equatorial upwelling due to the enhanced PW propagation and dissipation in the NH stratosphere. This equatorial cooling increases the SH stratosphere meridional temperature gradient, leading to stronger stratospheric easterly zonal winds at the SH mid-and high latitudes. Filtering by the SH stratospheric zonal wind causes anomalous SH mesospheric eastward GW forcing and eventually leads to an enhanced residual meridional circulation and upper-mesosphere cooling in the SH summer polar region. The subsequent anomalous GW filtering by the upper-mesosphere zonal wind further induces anomalous GW forcing in the lower thermosphere of the SH high latitudes, leading to an anomalous residual meridional circulation that is opposite to its upper-mesosphere counterparts.
ENSO and the QBO could significantly modulate the SH stratosphere polar vortex. The constructive interference of ENSO and QBO could lead to anomalous easterly or westerly stratospheric zonal winds in November and December at the SH high latitudes during warm ENSO events in the easterly QBO phase (defined with the equatorial wind at ;25 hPa) or during cold ENSO events in the westerly QBO phase. Either of these combinations would affect the extent of eastward GW forcing and the temperature and, hence, affect the onset time of SH PMCs relative to the climatological average. The destructive interference of ENSO and QBO, during either warm ENSO events in the westerly QBO phase or cold ENSO events in the easterly QBO phase, could cancel their effects on the SH polar uppermesosphere temperature and thus the PMC onset time. Our results clearly indicate that ENSO and the QBO modulate the onset time of SH PMCs. 
